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ABSTRACT: In the new age of precision medicine, interpretation of the clinical relevance of 
disease-associated variants, particularly those rare ones, is most challenging. Herein we 
illustrate the fundamental importance of functional analysis in this issue, in the context of rare 
PRSS1 (encoding cationic trypsinogen) promoter variants. Gain-of-function PRSS1 missense 
and copy number variants are known to cause or predispose to chronic pancreatitis (CP). A 
PRSS1 promoter variant, c.-30_-28delTCC, was identified in a single individual with 
idiopathic CP nearly 20 years ago. It has long been speculated to increase trypsinogen 
expression, thereby predisposing to CP. We performed functional analysis of this variant 
together with three new rare variants discovered from the resequencing of the PRSS1
promoter in a French CP cohort. Contrary to our expectation, c.-30_-28delTCC resulted in 
reduced rather than increased gene expression, suggesting that it may act as a protective factor 
rather than a risk factor for CP.  
KEY WORDS: chronic pancreatitis; precision medicine; promoter variant; reporter gene 
assay  
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Chronic pancreatitis (CP) is a progressive inflammation of the pancreas that gives rise to 
irreversible morphological changes and impairment of both exocrine and endocrine functions 
[Braganza et al. 2011]. The etiology of CP is complex, with contributions from several 
different genetic factors having been recognized over the past two decades (see [Fjeld et al. 
2015] and references therein). In particular, findings from three genes, PRSS1 (encoding 
cationic trypsinogen; OMIM #276000), SPINK1 (encoding pancreatic secretory trypsin 
inhibitor; OMIM #167790) and CTRC (encoding chymotrypsin C, which specifically 
degrades all human trypsinogen/trypsin isoforms [Szmola and Sahin-Tóth 2007]; OMIM 
#601405), have firmly established the importance of a balance between activation and 
inactivation of trypsinogen within the pancreatic acinar cells. Specifically, gain-of-function 
variants, including missense and copy number variants in the PRSS1 gene [Le Maréchal et al. 
2006; Whitcomb et al. 1996] as well as loss-of-function variants in the SPINK1 [Witt et al. 
2000] and CTRC [Masson et al. 2008b; Rosendahl et al. 2008] genes, cause or predispose to 
CP.  
A large number of genetic variants have so far been reported in each of the 
aforementioned three CP genes (see Human Gene Mutation Database (HGMD; 
http://www.hgmd.org)). Some types of variant are of obvious clinical relevance by virtue of 
their mutational type (e.g., PRSS1 duplication and triplication copy number mutations; splice 
site mutations or large deletions in SPINK1 or CTRC). However, the clinical relevance of 
other types of variant has often to be ascertained by functional annotation. In this regard, 
missense mutations in all the three CP genes have been subject to systematic functional 
characterization (PRSS1, [Schnúr et al. 2014]; SPINK1, [Boulling et al. 2007; Boulling et al. 
2012; Király et al. 2007]; and CTRC, [Beer et al. 2013]). By contrast, in terms of regulatory 
variants, only those in the SPINK1 gene, including promoter [Boulling et al. 2011; Derikx et 
al. 2015b; Hegyi et al. 2016] and intronic [Zou et al. 2015; Zou et al. 2016] variants, have 
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been studied systematically. These functional analyses not only served to improve our 
understanding of the underlying pathophysiological mechanisms but more importantly, in the 
new age of precision medicine [Aronson and Rehm 2015; Oetting et al. 2016], have helped to 
establish the clinical relevance or otherwise of CP-associated variants. 
No regulatory variants had been functionally characterized in PRSS1, the first identified 
CP gene, until the recent identification of a PRSS1 promoter variant (i.e., rs4726576:C>A or 
c.-204C>A (Fig. 1A)) that is in perfect linkage disequilibrium with the ‘CP-protective’ 
rs10273639:C>T (i.e., c.-408C>T (Fig. 1A)) variant [Boulling et al. 2015]. This finding was 
made during the resequencing of the promoter region of PRSS1 in 287 French Caucasian 
individuals. Given that no other study has analyzed the PRSS1 promoter in a systematic 
manner, we extended the resequencing to 626 French Caucasian individuals, including 242 
patients with idiopathic CP and 384 healthy controls. This yielded three additional single 
nucleotide substitution variants, each being found only once in either patients or controls 
(Table 1). All three variants were confirmed by independent PCR and sequencing. The three 
respective carriers were not found to carry missense or splice site variants in the PRSS1 gene. 
None of the three variants are listed in either Genetic risk factors in chronic pancreatitis
(http://www.pancreasgenetics.org/index.php) or ExAC (Exome Aggregation Consortium; 
http://exac.broadinstitute.org/). Informed consent was obtained from each patient and the 
study was approved by the Ethics Committee of Brest University. 
Nearly 20 years ago, a three base-pair deletion (c.-30_-28delTCC) in the PRSS1 gene was 
identified in a single individual with idiopathic CP [Férec et al. 1999]. This c.-30_-28delTCC 
variant was the first CP-associated regulatory variant reported in the context of the 
aforementioned CP genes. This variant has not so far been reported in subsequent studies and 
is also absent from ExAC. Thus, all three newly found variants (Table 1) and the previously 
known c.-30_-28delTCC represent rare variants. It should also be noted that these rare 
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variants, together with the functional rs4726576 [Boulling et al. 2015], are clustered within 
the proximal promoter region of PRSS1 (Fig. 1A). A similar distribution pattern has also been 
noted for variants identified in the SPINK1 promoter region in both CP patients and controls 
[Boulling et al. 2011; Hegyi et al. 2016].  
The c.-30_-28delTCC variant is currently registered in OMIM (Online Mendelian 
Inheritance in Man; http://www.omim.org/) as one of 12 selected examples of pancreatitis-
associated PRSS1 variants (as of March 10, 2016). This variant has long been speculated to 
increase the level of PRSS1 transcription, thereby predisposing to CP [Férec et al. 1999]. This 
idea became more plausible when PRSS1 duplication and triplication copy number mutations 
were identified as a novel cause of CP [Le Maréchal et al. 2006; Masson et al. 2008a]. In vitro
functional analysis often represents the only practical means to determine the pathogenicity of 
patient-derived sequence variants, particularly when they are rare [MacArthur et al. 2014]. 
The recent establishment of a reporter gene assay system has now made possible the 
functional characterization of PRSS1 promoter variants [Boulling et al. 2015]. Functional 
analysis of both c.-30_-28delTCC and the newly found CP-associated c.184G>A was 
therefore performed as previously described [Boulling et al. 2015]. For the purpose of 
comparison, we also included the two variants found in controls, c.173C>T and c.147>T. In 
brief, we introduced all four variants separately into the pGL3-(A) luciferase vector (see Fig. 
1C in [Boulling et al. 2015]), transfected the corresponding constructs into rat pancreatic 
acinar AR42J cells treated with dexamethasone, and determined the relative reporter gene 
activities against the pGL3-(A) luciferase vector.  
Two variants, c.184G>A and c.173C>T, showed no significant effect on reporter gene 
expression. However, the other two, c.-147C>T and c.-30_-28delTCC, served to reduce 
reporter gene expression as compared with the wild-type promoter sequence (Fig. 1B). 
Contrary to our expectation, c.-30_-28delTCC reduced rather than increased reporter gene 
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expression. In other words, c.-30_-28delTCC might reasonably be expected to act as a 
protective factor for CP rather than a risk factor. c.-30_-28delTCC is located within the core 
promoter region of the PRSS1 gene. Within the core promoter, an optimal distance between 
the TATA box and transcription start site (TSS) is often required for optimal transcription of 
mammalian genes [Ponjavic et al. 2006]. We surmise that c.-30_-28delTCC may negatively 
affect PRSS1 transcription by altering the optimal TATA–TSS distance. A precondition for 
this postulate is however the presence of a TATA box upstream of the variant-affected site. A 
search of the PRSS1 core promoter region using the SCAN tool from the JASPAR database 
(http://jaspar.genereg.net/) with the TATA-Box matrix model under default conditions yielded 
a TATA box motif, GTATAAAGACGAGTC (underlined is the core TATA box), at positions 
c.-46_-32. 
We previously characterized the common c-408C>T and c.204C>A variants and showed 
that the latter was of functional significance [Boulling et al. 2015]. In the present study, we 
functionally characterized three rare variants located within the proximal promoter region of 
the PRSS1 gene (i.e., c.-184G>A, c.-173C>T and c.-147C>T; Fig. 1B). The availability of 
these five functionally characterized variants prompted us to explore a possible correlation 
between the variants’ effect on reporter gene expression and their potential ability to disrupt 
or create binding sites for transcription factors known to be expressed in the exocrine 
pancreas. To this end, we first screened a 41 bp tract comprising 20 bp flanking each affected 
nucleotide on both sides, in the context of both the reference and variant alleles, for 
transcription factor binding sites, using the SCAN tool from the JASPAR database with all 
available human JASPAR matrix models (species 9606) (http://jaspar.genereg.net/) under 
default conditions. We then checked all transcription factors corresponding to the predicted 
binding sites for expression in the exocrine pancreas by means of The Human Protein Atlas 
database (http://www.proteinatlas.org/). However, we were unable to draw any definite 
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conclusions from this attempt because of (i) the degenerate nature of transcription factor 
binding sites and (ii) inadequate information on the spatial and temporal expression patterns 
of the relevant transcription factors.  
In summary, we have discovered three new rare variants in the proximal promoter region 
of PRSS1 through the resequencing of French CP patients and controls. All three newly 
identified variants were functionally characterized together with the previously described c.-
30_-28delTCC. This analysis revealed that c.-30_-28delTCC resulted in reduced rather than 
increased gene expression, suggesting that c.-30_-28delTCC may act as a protective factor 
rather than a predisposing factor for CP as originally postulated [Férec et al. 1999] . As for the 
three newly found rare variants, only c.147C>T, which was detected in a solitary control, 
exhibited a significant effect on gene expression (Fig. 1B); its negative effect on gene 
expression suggests that this variant may also confer protection against CP. Further, all three 
functional variants, viz. c.204C>A [Boulling et al. 2015] and c.-147C>T and c.-30_-
28delTCC, tested here (Fig. 1B), represent loss-of-function variants in terms of PRSS1
expression. It may be that it is much more likely for a variant to disrupt a functional 
transcription factor binding site than it is for it to create a new transcription factor binding site 
that confers an opposing function. Irrespective of the underlying biological mechanisms, our 
findings illustrate the fundamental importance of functional analysis in allowing us to confirm 
or reject the clinical relevance of disease-associated rare variants.  
Disclosure statement. The authors are unaware of any conflict of interest. 
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Figure Legend 
Figure 1. Discovery and functional characterization of PRSS1 promoter variants. A:
Representation of the PRSS1 promoter region that was resequenced (i.e., extending from c.-
530 to c.-1). The three newly detected rare variants (i.e., c.-184G>A, c.-173C>T and c.-
147C>T) and a previously described rare variant (i.e., c.-30_-28delTCC [Férec et al. 1999]), 
that were functionally characterized in this study, are highlighted in bold. The ‘CP-protective’ 
rs10273639 (i.e., c.-408C>T [Derikx et al. 2015a; Whitcomb et al. 2012]) and the functional 
rs4726576 (i.e., c.-204C>A [Boulling et al. 2015]) variants, are shown in normal font; these 
two common polymorphisms were found to be in perfect linkage disequilibrium in French 
Caucasians [Boulling et al. 2015].. The promoter region contained within the pGL3-(A) 
reporter gene vector [Boulling et al. 2015] (used for constructing the variant reporter gene 
vectors in this study) and the proximal promoter of the PRSS1 gene are indicated by long and 
short dotted lines, respectively. ×, translational initiation codon of PRSS1. TSS, transcription 
start site. B: Relative promoter activities of the variant constructs in relation to the PGL3-(A) 
construct (wild-type), in AR42J cells treated with dexamethasone. Results represent means ± 
SD of 3 to 6 independent experiments. *P<0.05; ***P<0.0001.
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Table 1. Variants Detected in Resequencing the PRSS1 Promoter Region  
Varianta Patients Controls GenBank accession number  
c.-184G>A 1/242 0/384 Pending 
c.-173C>T 0/242 1/384 Pending  
c.-147C>T 0/242 1/384 Pending 
aVariant nomenclature followed HGVS recommendations 
(http://www.hgvs.org/mutnomen/recs.html), with the A of the translational initiation codon 
ATG of the PRSS1 gene being given as c.1. GenBank accession numbers NC_000007.14 and 
NM_002769.4 were used as reference sequences. 
Page 11 of 12
John Wiley & Sons, Inc.
Human Mutation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer ReviewFigure 1  110x102mm (600 x 600 DPI)  
Page 12 of 12
John Wiley & Sons, Inc.
Human Mutation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
